The osmotic dehydration process of carrot in sugar beet molasses solutions (40, 60 and 80%), at three temperatures (45, 55 and 65 o C) and atmospheric pressure, was studied. The main aim was to investigate the effects of immersion time, working temperature and molasses concentration on mass transfer kinetics during osmotic dehydration. The most important kinetic parameters were determined after 20, 40, 60, 90, 120, 180, 240 and 300 min of dehydration. Diffusion of water and solute was the most intensive during the first hour of the process and the maximal effect was observed during the first 3 hours of immersion. During the next two hours of dehydration, the process stagnated, which implied that the dehydration time can be limited to 3 hours.
INTRODUCTION
The various methods for extending shelf life of fruits and vegetables are fermenting, pickling, canning or cold storage, freeze drying, etc. Convective hot-air drying is extensively employed as a preservation technique. However, using this method, food materials are exposed to elevated drying temperatures, which leads to an increase in shrinkage and toughness, reduction of both the bulk density and rehydration capacity of the dried product, and also causes serious damage to flavor, color and nutrient content (1) . So, there is a need for simple and inexpensive alternative processes that are not only energy intensive and low capital investment but offer a way to make available these low cost, highly perishable and valuable crops available for the regions away from the production zones and also during off -season (1) .
Osmotic dehydration (OD) is one of these methods (2) . The OD is a method for partial removal of water from the plant tissue by direct contact of product with a hypertonic medium. The process is governed by the osmotic pressure difference between the food material (hypotonic medium) and concentrated osmotic solution (hypertonic medium) (3) . The choice of optimal hypertonic aqueous solution appears to be the key problem in osmotic dehydration. For fruits and vegetables dehydration, the most commonly used osmotic agents are sucrose and sodium chloride, as well as their combination. Glucose, fructose, maltodextrin and sorbitol also can be used for OD (4) .
Recent research has shown that use of sugar beet molasses as hypertonic solution improves the OD process (5) . Sugar beet molasses is an excellent medium for this purpose, primarily due to the high dry matter (80%) and specific nutrient content: 51% sucrose, 1% rafinose, 0.25% glucose and fructose, 5% proteins, 6% betaine, 1.5% nucleosides, purine and pyramidine bases, organic acids and bases, which subsequently results in a high osmotic pressure of the solution (6, 7) .
Apart from these ingredients, sugar beet molasses is a significant source of numerous micronutrients (vitamins and minerals), especially of K, Ca, Na and Mg. Of special importance is the fact that all mineral components of molasses are in the dissolved state and that the potassium is in much greater quantity than all other cations with a share of 75%. In Serbia, sugar beet molasses has not yet been used as an ingredient in food industry. Hence, extensive research has been conducted with the aim of introducing molasses as a valuable ingredient in bakery, confectionery and the meat processing industry (8, 9) . Sugar beet molasses as the by-product of sugar production is a cheap source of nutrients, i.e. saccharose, it is available in large quantities, and for osmotic dehydration previous treatment is not needed. During the OD, the tendency is to increase the diffusion of water from the sample into the surrounding solution and to decrease the penetration of solids from the solution into the plant tissue, on the other hand (10) .
The rate and dewatering degree from the material and changes in its chemical composition depend on the sort of the osmotic solution used, the kind and the size of raw material, as well as the ratio of material to osmotic solution, temperature, dehydration time, and type of apparatus. The rate of OD is the highest at the beginning of the process. It results from the largest difference in the osmotic pressure between the osmotic solution and the cell tissue of the material and small mass transfer resistance at this stage of the process (11) . During the OD operation, two main mass fluxes at counter -current take place: water loss, (WL) and solid gain, (SG). So, the determination of the osmotic treatment effectiveness can be evaluated via the WL/SG ratio, taking into account that water removal must be greater than solute acquisition (12). The objective of this work was to study the influence of main process variables such as temperature, concentration of sugar beet molasses and operation time on the OD of carrot in sugar beet molasses. Also, the aim was to investigate the mass transfer during the OD and find out an appropriate mathematical model which would describes the investigated process.
Mass transfer model
A large number of factors influence the OD process. However, earlier research has shown that the temperature and concentration of the osmotic solution are two most influential factors on the mass transfer rate during the dehydration. In the OD process, three main process variables are usually measured: moisture content, change in the weight and change in the soluble solids. Of these, water loss (WL), weight reduction (WR), solid 
where: W o -initial sample weight (g), W -sample weight after OD (g), u o -initial solid content in the fresh sample (g), u -solid content in the sample after OD (g), X o -initial moisture content of the fresh sample before osmotic treatment (g), X -moisture content in the sample after OD (g).
The existence of a simple mathematic model is very important from a practical point of view, because in that case it is possible, for example, to predict the duration of the process for the desired moisture content and vice versa. Modeling of the calculated values of the main kinetic parameters (WL, SG, NMC and NSC) was achieved by employing an empirical model suggested by LabFit Curve Fitting Software and based on our experimental data:
where t is the immersion time, C is the concentration of osmotic solution, P represents WL, SG, NMC or NSC; a, b and c are parameters in Eq. [6] . The purpose of this analysis is to obtain a simple equation that takes into account the both variables (time, concentration) simultaneously.
EXPERIMENTAL
Carrot samples were purchased in a local market in Novi Sad, Serbia, and stored at 4ºC until the use. Initial moisture content, X o, was 88.45 ± 0.99%. Prior to the treatment, the carrots were thoroughly washed and cut into cubes, dimension 1x1 cm. Pure sugar beet molasses (around 80% solid content) and sugar beet molasses solutions (with 40% and 60% solid content) were used as osmotic agents. Solutions were made by mixing pure molasses with distilled water. Sugar beet molasses was obtained from the sugar factory Pećinci, Serbia. Initial dry matter content in sugar beet molasses was 83.68%. In all experiments, a weight ratio of solution to carrot sample of 4:1 was used; it can be considered high enough to neglect the concentration changes during the process. The experiments
were conducted under atmospheric pressure and static conditions and at temperatures 45ºC, 55ºC and 65ºC. Mass transfer studies lasted 5 hours and the samples were taken out from the osmotic solution at different times (20, 40, 60, 90, 120, 180, 240 and 300 min). After removal, carrot samples were washed with water and gently blotted to remove excessive water. The samples were kept in an oven (Instrumentaria Sutjeska, Serbia) at 105°C for 24 h until a constant weight was attained. Dry matter content was calculated from the samples weights before and after drying. The solid content of osmotic solutions was determined refractometrically. All analytical measurements were carried out in accordance to AOAC (14).
All results were treated using Statistica 9 and Origin 6.1 software.
RESULTS AND DISCUSSION

Water loss
One of the most important parameters used to describe the process of osmotic dehydration is WL from sample. constant because of the drop in the osmotic driving force between the carrot tissue and surrounding hypertonic solution. During the following 3 hours, only 5% of water was removed, which leads to a conclusion that the duration of osmotic dehydration can be limited to 3 hours. By applying the empirical model (Eq. 6) and by statistical processing of experimental data, the model parameters were calculated and given in Table 1 . High values of the correlation coefficients indicated that the suggested model is appropriate and describes well the influence of concentration on the efficiency of the OD process. On the basis of data displayed in Table 1 , the value of WL at any time or for any molasses concentration at constant temperature can be determined.
Solid gain
The SG describes the penetration of the solute from osmotic solution into the sample. The aim of the OD is to remove water from the plant tissue and simultaneously minimize the uptake of solute from osmotic medium into the tissue. Table 3 presents the effects of osmotic medium concentrations (40, 60 and 80%), temperatures (45, 55 and 65 o C) and process duration on the SG of carrot. The results showed that rapid increase in solids was registered in the first 60 min of the process at 80% and 65°C. Within this period, 59.5% of solids from the osmotic so-
lution diffused into the sample as compared to total amount of solids eliminated from the sample during the process. Since the process efficiency is characterized by a minimal SG in the treated sample, the temperature of 65°C cannot be considered as optimal. At 45°C, the diffusion of osmotic active substances from the medium to the carrot was minimal (SG = 0.052 g/g initial sample) after 5 h of immersion in 40% solutions. On the basis of these data it comes out that the temperature of 45°C can be considered as an optimum for the OD of carrot in molasses as an osmotic medium. Table 3 . Correlation data for SG during osmotic dehydration of carrot according to equation [6] High coefficient of correlation (Table 3) confirms that the proposed empirical model equation [6] predicted well the solid gain in relation to the solution concentrations.
Water loss and solid gain ratio
In general, the increased concentration of osmotic medium favors the diffusion of solids into the sample, which leads to decline in the WL/SG ratio. This ratio is considered to predict the best efficiency of the osmotic treatment. High WL/SG ratios point to intensive water removal from the samples accompanied with minimal solid gain. The WL/SG ratio gradually decreased during the osmotic dehydration of carrot, after the initial rise within the first 20 minutes of the process. The values ranged from minimal 5.863 (registered at 65°C, 80% solution, after 180 min) to a maximum of 18.636 (at 65°C, 40% solution, after 20 min). Both minimal and maximal ratios were achieved at 65°C, suggesting that the concentration of osmotic solution has a more pronounced effect on this parameter, probably due to its greater effect on solid gain. Figure 3 presents the effect of concentration and process duration for the molasses solutions on the NMC and the NSC values of carrots during the OD at 65°C. Expectedly, increased molasses concentration and temperature intensified the process and caused an NMC drop and NSC elevation. At all tested temperatures and concentrations, the most drastic NMC and NSC changes occurred within the first 60 min of the process. Minimal NMC was achieved when 80% molasses at 65°C was used. Within the first 60 min, 65% of the initial water content was reduced (from 1 to 0.346 g/g), whereas during the next 2 h it was reduced by additional 20%. During the last 120 min, the NMC decreased by the negligible 3%. This supports our statement that the dehydration duration can be limited to 3 h. 
Normal moisture content and normal solid content
CONCLUSION
It was shown that the process of OD of carrots in sugar beet molasses is the most intensive within the first hour. In the next two hours, the mass transfer weakened due to decreased concentration gradient between the osmotic medium and plant tissue, and consequently lowers osmotic driving force. The water removal within the third and fifth hour of the process duration is negligible therefore it was concluded that the process can be limited to 3 hours.
Maximal water loss was achieved at 65°C in 80% molasses (0.835 g/g of initial sample) which is by 0.06 g/g or 0.03 g/g higher as compared to the maximal moisture loss at 45°C or 55°C, respectively. This suggests that the process conduction at higher temperatures is more favorable since the main goal is to maximize the water removal from the sample. However, higher temperatures (65°C) also cause an increased uptake of solids by carrot tissue (SG= 0.136 g/g initial sample).
Higher efficiency of osmotic dehydration is related to a high WL/SG ratio, which can be obtained by the proper choice of process conditions (concentration, temperature). The highest WL/SG ratio (18.636) was achieved at 65 °C in 40% molasses solution.
